Practical MAV missions, such as outdoor urban environment recognitions, simultaneously require a capability of both dashing to escape enemy fire and slowly loitering over a target in order to capture and transmit clear images to a ground station. Since an MAV intrinsically offers better payload and endurance capabilities than a rotorcraft of an equal size, fixed-wing MAVs can be considered as promising platforms to start with. The objective of this study is to investigate the possibility of developing a fixed-wing MAV which can both perform rapid translations and low-speed flights through urban canyons. A low-speed wind tunnel testing is conducted to compare several powered configurations including monoplane, biplane and tandem wing combinations. The testing also focuses on wing-propeller interactions. Results indicate that a positivestagger biplane configuration powered by counter-rotating propellers placed in pusher position provides the best trade-off between a high-speed performance and a low-speed capability with a limited electric consumption. Consequently, a 30 cm-span MAV biplane prototype, named TYTO-30, has been designed and built. TYTO-30 is equipped with a 110g-payload which includes a video camera, navigation and autopilot system and has been flight tested successfully.
where V is the forward flight speed and C is a constant of the order of 460 m 10 kg -4 second. Yet, the major benefit of biplane MAVs turned out to be their capability to produce higher maximum lift than monoplane MAVs of equal size and weight. As a consequence, a biplane MAV could be considered as good candidate for slow flight phases. Furthermore, the weight penalty for the biplane due to an additional wing and struts was evaluated to represent a total weight increase of 5% since the additional struts weight could be partially compensated by the increase in wing aspect ratio allowed by the biplane configuration [10] .
Although the biplane effect has been well documented since the pioneering work of Munk and Prandtl in the 1920s [11] [12] , the effects of biplane parameters in the low Reynolds regime still needed to be studied for MAV applications. Extensive experimental studies have been carried out in a low speed wind tunnel in order to study the influence of three main geometrical parameters such as gap, stagger and wing relative angle, also called decalage angle. The results indicate that at identical weight, maximum size and flight speed typical of MAV outdoor missions, the biplane wing produces less induced drag than the monoplane wing. Although, according to Prandtl's biplane theory, increasing gap can help to reduce the negative aerodynamic interference between the two wings, it is not beneficial to choose a gap greater than a wing chord because of the additional structure drag penalty and the increase in maximum dimension. The study also reveals that a slightly positive wing stagger can dramatically enhance the lift-to-drag ratio and the maximum lift coefficient. Applying a small positive relative angle slightly increases the aerodynamic performance and can be helpful for balancing the longitudinal pitching moment by creating a nose-down pitching moment. In addition, when combined with a positive stagger, a positive decalage angle tends to lower the stall angle on the upper wing, providing additional stability at high angles of attack.
In order to augment aerodynamic performance of low-speed biplane MAV, there are other parameters for biplane concept which can be modified such as span and chord ratio [13] as well as dihedral angle. Optimizing biplane chord ratio and propulsion installation is particularly investigated in the present paper.
PRELIMINARY STUDIES ON A BIPLANE TANDEM MAV
Preliminary tests and studies of biplane configurations were performed at the mini-UAV scale (60 cmmaximum dimension) in order to assess the benefit of the biplane concept in the low-Reynolds regime. Section 3.1 describes a first series of wind tunnel tests carried out to compare the aerodynamic performances of the monoplane MaxiKiool and the biplane Avilent of equal size and weight. Section 3.2 investigates another geometrical parameter involved in biplane and tandem wing configurations: the upper wing and lower wing chord ratio.
Comparison of a Monoplane and a Biplane Mini-UAV
A first biplane mini-UAV prototype called Avilent was investigated in an open loop Eiffel-type wind tunnel called S4 with an elliptical test section of 3 m × 2 m and a contraction ratio of 5. A 6component sting balance was used to measure aerodynamic forces and moments with a piloted arm that can combine pitch, roll and yaw angles so as to explore angles of attack and sideslip angles in the range -10º to 90º. The model had 480 mm-span, as shown mounted in the wind tunnel test section as in Fig. 1 . Both wings were equipped with the low Reynolds number high lift 12%thickness airfoil, S1223 designed by Michael Selig [14] . The vertical distance between wings was 172 mm. The upper wing had a rectangular central part of 240 mm in width and a chord of 250 mm. On either sides of that central part, two trapezoidal parts were added with a chord of 80 mm at the wing tips so that the upper wing had a straight leading edge. The lower wing had a central part of 240 mm in width and a root chord of 280 mm. Two trapezoidal parts were added on either sides with a dihedral angle of 20 degrees and a wing tip chord of 100 mm. A forward sweep angle of 9.5 degrees was set to the lateral parts of the lower wing. Finally, the lower wing was equipped with a 40-percent chord plain flap that could be deflected independently on each part. The tandem wing was made from composite material and the junction between wings was made of aluminum. The Avilent model was equipped with two brushless motors AXI2208/34. A positive decalage angle of 6 degrees between both wings was set in order to ensure a positive pitching moment with respect to the aerodynamic center.
The result from this test demonstrates that the propeller influence can actually increase the maximum lift coefficient especially at very low speed regime. Figure 2a illustrates the beneficial propulsive influence onto the lift coefficient at 4 m/s. The maximum lift coefficient of the present configuration increases from 1.3 (at an angle of attack of 25 degrees) to 3.8 (at an angle of attack of 48 degrees) due to the propulsive effect. This result includes the projection of propulsive force and the effect of propulsive induced flow on the model. The drag polar curve of unpowered models at 10m/s in Fig. 2b shows the advantage of the biplane wing over the monoplane wing to yield high lift coefficients. The MaxiKiool, a 3 times scale-up of the MinusKiool monoplane MAV, is plotted along with Avilent. Both airplanes have the same maximum dimension and measurements are carried out in the same low-speed wind tunnel. Although the monoplane configuration has a lower minimum drag, the tandem wing capability to perform low-speed flights is significantly superior with only a slight decrease of the maximum lift-to-drag ratio. Table 1 shows the result for longitudinal equilibrium at different flight speeds. The experimental results show that the Avilent configuration has a capacity to fly at very low speed. In July 2005, a MAV prototype inspired from the Avilent wind tunnel model was fabricated and flight tested. In order to simplify the fabrication process, a 4%-camber curved plate profile was used along both wings and no dihedral angle was applied on either the upper wing or the lower wing. Two motors were located along the upper wing trailing edge as mounted on the Avilent. During the first flight test, the centre of gravity was placed between both wings and below the thrust axis. Due to that location, every change in thrust T created a spurious nose-down pitching M at the center of gravity which made the prototype difficult to manually control since (2) It was then decided to shift the center of gravity closer to the upper wing that it is to the thrust axis. The flight test showed that, in terms of longitudinal stability, it was much easier for a human pilot to control, but it had then poor lateral stability because of the center of gravity located on the upper wing.
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Wing Chord Ratio Optimization Using VLM
The three classical biplane parameters: gap, stagger, and decalage angle, were study in previous studies. In the present section, the effect of an additional biplane parameter, namely the ratio Cr of the upper and lower wing chords, has been analyzed using a numerical simplified method and lowspeed experimental measurements. The vortex lattice method (VLM) is used in this study to assess the effect of Cr at cruise conditions (i.e. at low angle of attack). The code TORNADO of Melin [15] has been modified to include viscous effects as described in [10] . The propeller-induced flow is not taken in account in the calculation although it has very strong effect on the aerodynamic performance of the low-speed biplane configuration. This is quite acceptable since the calculation is evaluated for a cruise condition which corresponds to at low incidence and a flow-field about the vehicle mainly dominated by the incoming cruise speed.
Three tandem wing configurations of wing chord ratio Cr equal to 0.467, 0.69 and 1 are calculated so as to produce a given lift force of 720 grams in all speed regimes. All three configurations have an overall wing span of 600 mm, as for the original configuration Avilent. In all cases, a static margin of 5% is sought and the decalage angle is adjusted so that the pitching moment at the center of gravity is zero. Figures in Table 2 illustrate the configurations simulated by TORNADO code. Table 2 indicates that the drag force reaches a minimum at given lift, for the intermediate chord ratio Cr = 0.69. This minimum is still valid for flight speeds ranging from 5 to 15 m/s. Even if it is small, the present calculation shows that it is beneficial to slightly shorten the root chord of the upper wing and lengthen the root chord of the lower wing.
BIPLANE AREA RATIO AND COMBINATION
Area ratio is another parameter that impacts aerodynamic performance of the biplane wing. Calculation in the previous section and from literature reviews also lead to the same agreement. Although biplane arrangements had been previously investigated using an identical biplane wing, the biplane combination is considered again with dissimilar wings in this study. 
Wind Tunnel and Micro Balance
All MAV models following this section were carefully tested in a closed-loop low-speed wind tunnel devoted to MAV studies at ISAE. The test section was 70 cm long with a square cross-sectional area of 45 × 45 cm 2 . This wind tunnel had a contraction ratio of 6.2 and the flow speed could be adjusted by controlling the motor speed. A series of honeycomb grids at the beginning of the contraction cone gradually split and damped vortical structures so that the turbulence intensity of the incoming flow was reasonably low (~ 1%). In order to produce a stable and uniform flow at low speeds (2-3 m/s), the propeller's pitch angle was reduced to 22º in the wind tunnel fan. Although the maximum speed was reduced from 40 to 20 m/s, stable speed regimes from 2 m/s to 20 m/s could be obtained with a standard deviation below 0.2 m/s. All powered models were measured using a new 5-component aerodynamic balance devoted to MAV studies [10] . The force measurements were accurate up to 0.24 grams or 0.0024 N while the moments were accurate up to 0.2 gram-cm or 0.002 N.cm. The new balance was comparable to other aerodynamic balances specifically designed for MAVs [16] [17] [18] . The models were supported by three struts and inserted into the test section. The struts' drag was carefully measured and corrected with the result of each observation. The test facility and the new balance are shown in Fig. 3 and described in [7, 10] . The uncertainty of low speed measurements were determined by combining the uncertainty of force and dynamics pressure measurements and the uncertainty of model dimensions. Aerodynamic characteristic uncertainties are shown in Table 3 where the actual values of uncertainties appear as the sum of a fixed uncertainty due to load cells precision and an uncertainty proportional to the measured quantity, expressed in percents. The uncertainty on lift and drag presented in Table 3 was greater than the actual balance precision since the aerodynamic result must be further corrected by struts drag and model gravity effect.
Models
A series of wing planforms are shown on Fig. 4a and detailed in Table 4 . All planforms are based on the Zimmermann planform, due to its high efficiency [8] , but with varying aspect ratios. The Zimmermann planform is roughly equivalent to a combination of two half-elliptic forms in which the wing surface can be written as Eq. where C 1 and C 2 are secondary axis of ellipse 1 and 2 respectively, and B is the wing span.
All wing models fit into a 20 cm-diameter disk and are made of 2.5-mm thickness aluminium flatplate. All edges are rounded with a radius of 1 mm. Several biplane MAV configurations have been built using different combinations of two selected wings chosen from Table 4 and connected by two aluminium struts of 4 mm thickness. The strut thickness is sufficient to provide enough rigidity to damp vibrations during the propulsive tests. All tested models are described in Table 5 , 1 st -7 th columns. The root chord ratio and the surface ratio of both wings are defined by Eq. (4) and (5), respectively. For instance, if the upper wing has a surface lower than the lower wing, the area ratio is less than 1. From Eq. (3-5), then area ratio is equivalent to chord ratio in this study.
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A positive stagger corresponds to the upper wing located upstream of the lower wing. The reduced stagger is calculated with respect to the lower wing chord. Three series of wing combinations called 'Tandem', 'Canard' and 'Conventional Biplane' are of particular interest. The 'Tandem' and 'Canard' series have high stagger consisting of Inverse Zimmermann and Zimmermann wing for fore and aft wing respectively. All models of the 'Tandem' series have the same total wing area while it is reduced for 'Canard' configuration. The 'Conventional Biplane' uses two Inverse Zimmermann wings and zero or low positive stagger are applied. Figure 4b illustrates the Tandem1 configuration model in the test section. This photo was taken from the rear left side. All MAV models described in Table 5 were tested in the 45 cm × 45 cm wind tunnel at a freestream velocity of 10 m/s. The experiment was done for an angle of attack ranging from -5 to 30 degrees. In the absence of propwash effect, all biplane configurations typically stalled at an incidence of 15 to 20 degrees. When located along the upper wing trailing edge, propellers tended to delay the stall angle on both upper and lower wings [19] . In the following section, pitching moment coefficients are measured at 1 cm below the upper wing leading edge that is along the desired thrust axis. The aerodynamics center is assumed to be located along the propulsive axis and its longitudinal location is calculated from the evolution of the measured pitching moment as a function of the lift coefficient. One design constraint at a cruise speed of 10 m/s is to obtain a maximum lift force greater than 160 gram-force that is 2 times higher than the desired MAV weight. This factor 2 is selected to account for maneuverability. Figure 5a shows the lift coefficient of a selection of biplane models as a function of the angle of attack. The lift coefficient of the monoplane wing ZimA26 (Λ = 26) is also included for comparison. The tandem wings (Tan & Tan2) produce a maximum lift force of about 160 grams (C L = 0.8) while other configurations only yield around 120 grams (C L = 0.6). The canard (Car2) and the negative stagger tandem (Tan2SN) configurations produce lower maximum-lift-force than the tandem configurations. In the canard case, this is possibly due to the smaller total wing area. In the negative stagger case, this is the degradation of aft-wing performance at high angles of attack due to the forewing (or lower wing) wake. The drag of the different models appears to be only a function of the lift coefficient and does not significantly depend on the configuration itself. All pitching moment coefficients with respect to the aerodynamic center are very small because both wings use flat plate airfoils and no decalage angle is applied. Experimental results are also summarized in the 8 th -12 th column of Table 5 . The location of the aerodynamic center is defined from the fore-wing leading edge. In order to optimize the biplane performances as a function of the root chord ratio, a new scaling factor defined by Eq. (6) Figure 5b illustrates the maximum lift-to-drag ratio of "Tandem" and "TandemX" concept as a function of the reduced wing chord ratio Cr'. For a positive-stagger tandem wing, the combination of wing number 2 in configuration "Tandem2" and "Tandem2X" gives the best aerodynamic performance. The dark line represents the polynomial function of average value from both configurations and it can be written as a polynomial degree 3:
RESULTS
Experimental results show that the wing area-ratio is another important parameter and should be considered during a biplane wing optimizing design process. The derivative from equation (7) represents the optimized chord ratio, which can be obtained from (8) resulting (9) The biplane chord ratio, which gives the maximum lift-to-drag ratio, is around 0.6 for the semi-Zimmerman planform. This solution is consistent with the result obtained from the VLM calculation in Table 2 . Then, cutting the monoplane wing into two identical smaller wings is not the best configuration that can be obtained at constant overall maximum dimension.
PROPULSIVE INTERACTION TEST AND RESULTS
In MAV configurations, the propwash effect is usually a dominant aerodynamic effect that significantly modifies the performance of the wing since the propeller diameter is comparable to the wing span. Furthermore at very low flight speeds, the velocity induced by the propeller tends to prevail over the incoming flow velocity. Therefore, it is essential to account for the propwash effect when the propeller is placed in tractor configuration.
Experimental Setup
A new microbalance has been set up for propulsive-wing interaction tests as detailed in [7] . The propwash effect was investigated by performing several tests as illustrated in Fig.6 . Wing models and propulsion sets were first separately tested in the wind test section while the angle of attack was varied, resulting in measurements denoted by M(A) and M(P) respectively. Then the interaction test, noted M(I), was performed by placing both wing and propeller in the test section, each element being separately strut mounted without any physical connection. In order to confirm these tests, powered model measurements, noted M(T), were carried out and compared with results of the interaction test.
The propulsive strut drag test, noted Drag, was carried out for the purpose of propulsive correction.
On-board batteries were replaced by an external DC power supply limited to 11 volts, which corresponds to 3 elements of Lithium batteries. The motors used in this study were the brushless motor LRK 10-6-16Y, which weight only 6 grams. Each motor was mounted on a 5mm-diameter axis and was connected to a 3-gram speed controller YGE4-BL, connected outside the test section. The Graupner/JR Quarz-Servo-Tester 764 was used to control the motor instead of the radio transmitter. The PWM (Pulse Width Modulation) signal from this device was sent to the speed controller. During the experiment, this device was control manually to maintain the electric motor consumption at a fixed desired value (5, 7.5 or 10 watts). 
Propeller-Wing Interaction on a Monoplane MAV Configuration
The propeller-wing interaction was analyzed on a very low aspect ratio wing (Λ = 1), figure presented in Table 6 ). The comparison of pusher and tractor configurations shows that the aerodynamic characteristics of wing are highly influenced by the propwash effect when the propeller is placed in tractor configuration. Both parasite and induced drag of the tractor configuration are dramatically higher than the pusher configuration due to the higher local speed and the modified local angle of attack in the propeller wake. Table 6 summarizes the wing aerodynamic characteristics influenced by the propulsive induced flow for both tractor and pusher configurations. At a low speed of 5m/s, the drag force is significantly increased in the case of a low-aspect ratio wing with a propeller in tractor configuration, which has been so far the standard configuration for fixed-wing monoplane MAVs. It has been observed that the propeller efficiency was not significantly affected by either tractor or pusher position up to an incidence of 30 degrees [20] . The propeller-wing interaction is further investigated for a higher aspect ratio wing. A Zimmermann wing of an aspect ratio of 2.13 with a thin camber airfoil NACA 4402 has been selected as a representation of the biplane configuration (Section 5.3). Several motor-propeller positions around the wing, as illustrated in Fig.7 , are investigated in order to study the propeller-induced flow about the wing model. the span wise direction, at mid span (III), quarter span (II) and wingtip (I), are also investigated. For positions I and V, clockwise or counterclockwise rotations are compared. In position I, the propeller rotates in the same direction as the wingtip vortex but in the opposite direction for position V. Results in Figure 8 concludes that mounting a propeller over the upper surface and behind the maximum camber position (positions no. 3 & 4) produces the best performance. At that position, the increase in lift force is three times higher than the increase of drag force. On the contrary, position 1 (where the propeller is under the wing lower surface) logically degrades the lift force since static pressure is decreased. Although the experimental results indicate the performance of position 7V, which corresponds to a set of tandem counter-rotating propellers counteracting the wing tip vortices as in the MITE [21] concept, it is not suitable to MAV configurations because of the increase of maximum dimension.
Propeller-Wing Interaction on a Biplane MAV Configuration
Different biplane configurations have been tested in a low-speed wind tunnel to investigate the values of gap, stagger, relative angle, chord ratio, and motor position that produce the best low-speed aerodynamic performances. The study of biplane wing combinations reveals that, while using the same wing area, a positive stagger tandem wing configuration gives the highest maximum lift force. Another advantage of the tandem wing configuration is that the pitching moment at the aerodynamic center can be made positive by properly setting the relative angle between the upper and the lower wings without resorting to reflex airfoils. Cambered airfoils that produce higher maximum lift forces can then be used on both wings. Of particular interest is the question of the best location of propellers on a tandem-wing MAV. Because of a rapid dropping of propeller efficiency when its diameter reduces, the propeller usually represents a large portion of the wing span for the MAVs. In the case of the tandem wings in low-speed flights, it has been proposed to use a pair of counter-rotating propellers rather than a single propeller because of the limited amount of space available. Furthermore, counter-rotating propellers are beneficial to the vehicle control at low speeds where torque and gyroscopic effects become important. A series of six powered configurations illustrated in Fig.9 have been tested to explore the effect of combining a pair of propellers and a tandem wing configuration. In the tractor configuration, the propellers are placed at the upper wing leading edge and the blowing effect induced on the wing tends to delay the stall and to enhance flaps efficiency. However it adversely limits the achievable maximum-lift force. This is because the flow downstream of the propeller disk is dominated by the induced velocity field and the local wing angle of attack remains small, even when the vehicle is placed at a high incidence with respect to the free stream velocity. Therefore the maximum lift force is limited. In the pusher configuration, the effective wing angle of attack is almost equal to the vehicle incidence. Therefore, higher maximum lift forces can be obtained on the wing even if the suction effect induced by the presence of the propeller along the trailing edge is limited. In our wind tunnel testing the models are supported by three struts and inserted into the test section. The strut drag is carefully measured and corrected with the result of each observation. Since the effect of propellers is thought to delay stall, measurements are done at angles of attack ranging from -5 to 60 degrees, at a wind tunnel speed of 5 m/s (observation speed) and 10 m/s (cruise speed). Unfortunately, counter-rotating propellers of such small diameter are not currently available off the shelf. Two identical direct drive propellers GWS 3030, diameter 82 mm and pitch 7.6 mm, are used in this study. The propellers are mounted directly to the motor without any gear system. The experimental setup shown in Fig. 10a is the 'Biplane' configuration with two brushless motors and GWS 3030 propellers in the wind tunnel test section. Table 7 shows, for a free stream velocity of 5 and 10 m/s respectively, the electrical current I (under a constant tension of 7 Volts) necessary to balance the MAV designed weight and the drag force. This electrical current is calculated by linear interpolation from a series of three powered tests Table 7 also provides the ratio of the maximum lift force to the MAV weight at both speed regimes. The results show that the 'Tandem2Inverse' and the 'BiplaneInverse' configurations in which the motors are mounted along the upper wing leading edge produce a lower maximum lift force than other configurations. They also require much electrical power to fly at low speed. This is due to the fact that the wing performance is reduced by the propwash angle when the wing is located downstream of the propellers. Although the 'Tandem2X' gives the greatest lift force at high speed, it requires a fairly high electrical power. It seems that 'Tandem2' and 'Biplane' are good trade-off between a reasonable electrical consumption and a high maximum lift force. At the high angle of attack, the 'Tandem2' configuration has a better performance in terms of maximum lift due to the effect of positive stagger as opposed to the low stagger 'Biplane' configuration which results in spurious wake effects. However, the center of gravity of Tandem2 should be located on the small wing area where it is practically difficult to fit all the equipment. Finally, the 'NewBiplane' configuration combines the best aspects of 'Tandem2' and 'Biplane' configurations and simultaneously provides a high maximum lift force and low electrical consumption.
The main drawback of the 'NewBiplane' configuration is that the pitching moment coefficient is still negative (nose-down) at the aerodynamic center. Furthermore, since propellers are in a pusher configuration, virtually all aerodynamic efficiency is lost at low speeds. As a result, in order to design a flyable prototype based on the optimized 'NewBiplane' configuration, a horizontal tail equipped with a pair of elevons has been added right after the propellers. With that horizontal stabilizer and the addition of a vertical junction at either tip of the wings, the TYTO configuration is designed to take advantage of the optimized tandem wing combination as described in section 6.
Comparison of Powered Biplane and Tandem MAV Configurations
The two configurations selected from the previous wind tunnel tests will be further examined in this section: the 'Biplane' and 'Tandem2' configurations, which provide respectively a high maximum lift and a low electrical consumption. The tests are performed at two freestream velocities, 5 and 10 m/s and at angles of attack ranging from -5 to 60 degrees. The first test is carried out without propeller installation and compared with a series of powered tests using 5, 7.5 and 10 Watts as in the previous section. In order to study the mutual interaction between the propeller and the wing model, two additional experiments are considered:
1) Propulsion Test [M(P)]
: since the thrust is not constant when the angle of attack varies [22] , the propulsion system is attached on an independent balance strut. The propulsive axial and normal forces without the presence of wings are measured at an angle of attack varying from -5 to 60 degrees. No moments are measured on the propulsion strut.
2) Propulsion-Wing interaction test [M(I)]
: as the second step, aerodynamic and propulsion forces are measured separately while the MAV model and its propulsion system are simultaneously present in the wind tunnel test section. The aerodynamic balance that supports the wing model measures force and moment coefficients. At the same time a separate balance measures the propulsion system, including both motors and propellers. The position of propeller is physically the same as in the global test [M(T)] of Section 5.3. As mentioned earlier, due to a low precision in the fabrication process, the relative position of the propellers with respect to the wings is not strictly independent on the angle of attack. Nevertheless, when the propeller is fixed in the wing trailing edge region, the relative location of the propeller turns out to have little effect on the global aerodynamic coefficients. When summing the aerodynamic and propulsion forces, a global force is obtained. This force is very close to the experimental results presented in Section 5.3. The results are in good agreement at both high speed and low speed tests as shown in Figure 11 which compares the results from the global measurements [M(T)] and the calculation of Eq. 10. Bold black rectangular symbols represent the results obtained from section 5.3 where motors are attached on the wing model. Triangular symbols represent the propulsive force and "x" symbols represent the aerodynamic force acting on the model. Finally, the summation of both forces is represented by light gray circles. The discrepancy between the calculated lift coefficient and the global measurement may come from the slight relative position change at high angles of attack.
The propeller influence on wings can be analyzed by plotting the lift curves at different motor powers. The wings benefit from the propeller-induced flow especially near stall at low Reynolds' numbers. At 5 m/s, the stall angle is delayed from 18 to 30 degrees due to propulsive effects as shown in Fig. 12a . The lift-to-drag ratio as plotted in Fig. 12b does not appear to be affected by the propellers, with an angle of attack corresponding to the maximum L/D close to 7 degrees.
The thrust performance can be measured by comparing the propulsive forces with and without the model presence. The test is carried out by using the Biplane and Tandem configurations compared with propulsion-alone tests. At a speed of 10 m/s, no significant effects of Tandem and Biplane configurations are detected on the propulsive performance as opposed to a lower speed of 5 m/s. At low angle of attack, the influence of the model on the propulsion is very low for both configurations. In both cases, the presence of wings slightly decreases the thrust of the propulsion system, particularly at angles of attack greater than 30º for which a wake effect occurs. At an angle of attack of 60º, the propulsive performance is decreased approximately 10% when the model is present. Yet, the trailing edge motor location still yields a better wing performance than the leading edge location. Table 7 indicates a better efficiency of the NewBiplane configuration both in terms of maximum lift and of electric power requirement. In addition, one drawback of the Tandem2 is that the upper wing chord is small and does not allow for much storage room. As a consequence, the NewBiplane configuration has been selected. Two motors are designed and placed at the trailing edge of the upper wing and over the lower wing at 40% chord line. Since the NewBiplane configuration is expected to achieve low minimum speeds, the longitudinal MAV control may be difficult if the propellers are placed in pusher configuration. In order to guarantee a sufficient aerodynamic efficiency over control surfaces at low speed, a horizontal stabilizer has been designed and placed right downstream of the propellers so as to benefit from the propeller-induced flow.
DESIGN STRATEGY OF A LOW-SPEED BIPLANE MAV
Tail Surface Design
The aerodynamic model obtained from the linear part of the wind tunnel result has been used to design the horizontal tail. The objective is to balance the prototype in level flight at a velocity of 10 m/s (L = W, T = D, and M CG = 0). Because the propeller-induced flow dominates the flowfield in the wake at low speed, the flow downstream the propeller is highly modified both in direction and velocity.
McCormick's method describing the flow field of a propeller slipstream has been considered in the present study [23] . However, McCormick analyzed the case of a propeller placed in a freestream flow which differs from the present propulsive pusher configuration. In the present approach, the incoming flow as seen by the horizontal tail is not considered to be the freestream velocity but a flow is assumed to be perpendicular to the propeller disc with a dynamic pressure over the tail greater than the dynamic pressure over the wing. That is consistent with the fact that the horizontal tail should be located very close to the propellers for compactness purpose. The momentum theory is applied to calculate the flow speed behind the propellers and the propulsive thrust. The tail preliminary design is based on a rectangular planform of aspect ratio 3. The aerodynamic characteristics of the tail are determined from the extrapolated value and the equation proposed by Mueller et al [8] . The lift, drag and pitching moment equation are formulated. The calculation is carried out by trial and error by changing the velocity after the propeller and the tail setting angle. Finally, the calculation results in a tail setting angle of -3 degrees with respect to the propeller axis and a rectangular planform of 9 × 3 cm 2 . Table 8 summarizes the parameters and equations used in this calculation.
Wind Tunnel Tests of Powered Monoplane and Biplane MAVs
In order to confirm the benefit of using the biplane concept for achieving lower-speed flights and decreasing induced drag at low speed with fixed-wing MAVs, a series of three powered models have been tested and compared. All three models are fabricated using composite fiber material. The two monoplane concepts are MinusKiool and the MiniLady (a scaled-down of the LadyBug which has same planform as the Plaster). Both monoplane powered models are equipped with one or two LRK 13-6-11Y motor and the GWS 4540 propeller in this test. The brushless motors are connected to an external electric supply installed outside the test section. The MiniLady is another monoplane wing similar to the Plaster but it is equipped with only one fixed vertical stabilizer instead of two vertical stabilizers in the Plaster. A pair of elevons provides control on the pitch and roll axis. The wing planform is the 
Plaster wing, which is formed by joining a half-ellipse and a rounded-corner rectangle at mid chord. The wing root chord is 170 mm and the span is 240 mm so that the aspect ratio is 1.7 and a dihedral angle of 5º ensures lateral stability. The airfoil is a double-camber thin airfoil of 4mm constant thickness (about 2% relative thickness at root chord) which maximum relative camber is 3.5% at 30% chord and a negative camber of 0.9% at 76% chord.
Finally, the TYTO20 (Fig.13) is a tandem-wing bimotor MAV which total span is 190 mm. The forewing is an inverse Zimmerman wing with a root chord of 110 mm and an aspect ratio of 2.17. The airfoil section is a 0.8mm-thick fiber-carbon cambered plate which root chord corresponds to the NACA 4412 mean camber line. The lower wing has a crescent shape which moulds the trajectory of the propeller tips and takes a full advantage of their blowing effect. Both the lower and upper wings are joined at the tips through winglets, which artificially increase the overall aspect ratio and provide additional rigidity. Finally, a horizontal tail, equipped with a pair of elevons, is located in the wake of the propellers in order to remain efficient throughout the whole flight envelope. For the powerplant, TYTO20 is equipped with two micro-motors LRK 10-6-16Y and a pair of counter-rotating GWS 3030 propellers. The tests are performed at three different speeds of 5, 10 and 15 m/s. The efficiency of control surfaces of all three models was also determined and compared.
The results are shown in Table 9 . They confirm that the biplane configuration has an induced drag factor K lower than both monoplane MAVs for both unpowered and powered model cases. The minimum drag of TYTO20 is significantly higher than that of MinusKiool and MiniLady for unpowered model nevertheless it is smaller for powered model. Using the motor thrust represented in the 7 th column to estimate the minimum drag of three 10 Watts-Powered MAVs (MinusKiool, MiniLady, and TYTO20), minimum drag is increased approximately about 4.7, 7.2, and 2.6 times of their unpowered version, respectively. This is strongly related to propulsive tractor and pusher configuration as investigated in section 5. The higher increment of minimum drag compared with the TYTO20 results from a thick airfoil in the MinusKiool prototype and the presence of a fuselage in the MiniLady prototype. The addition of winglets to monoplane configurations can slightly reduce the induced drag factor K as expected from the experience of classical airplane, but their efficiency proves very low at such low Reynolds numbers and is reported to decrease with the angle of attack [24] . All in all, the experimental results confirm an advantage of biplane MAV over monoplane wings with or without winglets for a typical speed lower than 10 m/s. From Table 9 , it appears that at 10 m/s, without propellers in action, the TYTO20 has the highest lift force for a maximum dimension identical to monoplane MAVs. The unpowered biplane configuration produces a lift force 40% higher than the best monoplane MAV, MiniLady. For the tandem-wing configuration, it turns out that the fore wing always stalls before the aft wing, resulting in additional safety. Table 10 compares the performances of monoplane and biplane powered models at two different flow speed regimes, 5 m/s (low speed) and 10 m/s (cruise speed). In both cases, identical electrical inputs have been set to compare the performance of all configurations at the same total electric power (16 Watts). The voltage has been kept constant at 11 Volts which corresponds to a 3-cell Lithium battery and the electric current has been set to 1.47 Amps. The angle of attack is adjusted so that the lift force balances a total weight of 80 grams. At low speed, the TYTO20 generates a maximum lift coefficient higher than both monoplane configurations and still quite far from the current lift coefficient (C L = 1.7). It shows a positive (nose-up) pitching moment around the aerodynamic center and the drag coefficient being negative, the speed can be further reduced for the TYTO20, with a pitching moment at the center of gravity lower than for monoplane MAVs. For all models, the center of gravity has been placed with a static margin of 10% relative to the wing chord, or upper wing chord for TYTO20.
In summary, the tandem-wing TYTO configuration requires less electric power to fly at low speed, produces a lower nose-down pitching moment coefficient around the center of gravity and proves capable of flying at lower speeds due to its higher maximum lift coefficient and smaller induced drag factor.
A Low-speed MAV Based on the Tandem-Wing Concept
To illustrate the tandem-wing concept, a 30 cm-span scaled-up model from TYTO20 has been build. This model is called TYTO30 (shown in Fig. 14) and was built by Boris Bataillé in February 2007 in view of carrying an autopilot and a video camera. The prototype has been designed to enter the MAV07 outdoor competition, which includes a series of surveillance tasks to be performed in autonomous mode. The untwisted upper wing has a thin cambered airfoil identical to the NACA4412 mean camber line with a constant thickness of 4 mm. The lower wing has flat plate airfoils and a crescent shape similar to that of the 20 cm-span model. The horizontal tail and lower wing are connected with a fixed vertical tail, which provides directional stability and enhances the overall airframe rigidity. Elevons are controlled by two servos located in the fuselage through a hollow carbon rod, which connects the upper wing and horizontal tail. Yaw can be piloted using differential thrust, which is important to conduct very low-speed flights. The TYTO30 is compact and rigid because all three surfaces are joined at the tip in a box-wing fashion. The total weight is 230 grams, which includes 30 grams of payload (CCD video camera) and the autopilot Paparazzi developed by ENAC [25] [26] . The autopilot, receiver and a 3-cell Lithium Polymer battery of 730 mAh are integrated in the fuselage. A 2-axis gimbaled camera platform that fits into a Ping-Pong ball is developed and placed at the nose tip. During the flight, the data can be measured by the GPS receiver and the horizon sensors are used to tilt the camera in such a
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International Journal of Micro Air Vehicles way that it is continuously pointing toward an object located on the ground. Two brushless motors LRK 13-6-11Y (7.6 grams each) and two 12 cm-diameter carbon propellers of 8 cm-pitch from Wes Technik are installed in a pusher configuration at the upper wing trailing edge. It should be noticed that in the pusher configuration, propellers are protected during landing. The center of gravity is set to ensure a 7%-static margin. Because the horizontal stabilizer equipped with elevons is placed right behind the propellers, both pitch and roll control are guaranteed even in the low-speed regime. The direction of rotation is chosen so as to act against wing tip vortices and artificially increase the wing aspect ratio. It also favors the maneuverability since, when turning right, the left motor should speed up while the right motor should slow down to produce a yaw moment. By doing so, an induced roll moment is produced which tends to turn right. The design of new counter-rotating propellers is conducted using XROTOR and results in the fabrication of a pair of light carbon fiber counter-rotating propellers optimized for a cruise speed of 10.5 m/s. A new series of flight tests confirms that the use of counter-rotating propellers is essential to achieve full control in the low speed regime. Finally, in September 2007, the TYTO30 successfully completed the MAV07 outdoor mission by ranking third out of 14 entries. Since each motor is capable of producing a static thrust of 200 grams, current studies are under way to investigate the possibility of hovering with the present tandem-wing bimotor concept.
CONCLUSIONS
The purpose of the present study is to assess the benefit of biplane configurations for the design of fixed-wing MAVs. Wind tunnel measurements as well as computations are extensively carried out to compare standard monoplane MAV configurations with different biplane wing combinations in the low Reynolds number regime. Different geometrical parameters such as gap, stagger, decalage angle, wing chord ratio have been analyzed both numerically and experimentally. A moderate vertical distance between the wings, a positive stagger and a slightly positive decalage angle are found to yield the best aerodynamic performances. Computations reveal that the biplane aerodynamic performances are optimized by applying chord ratio close to 0.6. Furthermore, the propwash effect has also been carefully analyzed and several propeller-wing combinations have been compared. Propulsive pusher configuration exhibits greater efficiency for the low speed flight. In particular, when placed along the trailing edge of the upper wing, a pair of counter-rotating propellers in pusher configuration yields the best trade-off between a low minimum achievable speed and a limited electric consumption. The advantage of a biplane MAV configuration over the standard monoplane wing MAV is confirmed by a low-speed wind tunnel campaign based on several 20-cm MAVs. The pusher biplane concept proves its aerodynamic performance in term of lower drag and high maximum lift comparing with tractor monoplane wing in a stringent dimension. Induced-drag is 1.5 times lower than that of monoplane MAVs due to biplane wing. Although, in unpowered MAV, a biplane wing generates greater parasite drag because of boundary layer effect, the minimum drag of powered-TYTO is small since propellers are mounted at main wing trailing edge. Joined wing design improves rigidity of thin wing structure and reduces the size of biplane. The propeller is also protected from the ground during the landing phase by lower wing. Finally, for maintaining control efficiency over the whole flight envelope, it has been proposed to design a horizontal stabilizer placed downstream the propellers in order to maintain aerodynamic efficiency through the propwash effect during low speed translations.
